Peroxisome proliferator-activated receptor α (PPARα) activation in rodents is thought to improve insulin sensitivity by decreasing ectopic lipids in non-adipose tissues. Fenofibrate, a lipid-modifying agent that acts as a PPARα agonist, may prevent adipocyte hypertrophy and insulin resistance by increasing intracellular lipolysis from adipose tissue. Consistent with this hypothesis, fenofibrate decreased visceral fat mass and adipocyte size in high fat diet-fed obese mice, and concomitantly increased the expression of PPARα target genes involved in fatty acid β-oxidation in both epididymal adipose tissue and differentiated 3T3-L1 adipocytes. However, mRNA levels of adipose marker genes, such as leptin and TNFα, were decreased in epididymal adipose tissue by fenofibrate treatment. Fenofibrate not only reduced circulating levels of free fatty acids and triglycerides, but also normalized hyperinsulinemia and hyperglycemia in obese mice. Blood glucose levels of fenofibrate-treated mice were significantly reduced during intraperitoneal glucose tolerance test compared with obese controls. These results suggest that fenofibrate-induced fatty acid β-oxidation in visceral adipose tissue may be one of the major factors leading to decreased adipocyte size and improved insulin sensitivity.
Introduction
Insulin resistance is most closely associated with visceral obesity (Kissebah, 1997; Jensen, 2006) . Evidence from human and animal studies indicates that obesity due to adipocyte hypertrophy results in insulin resistance and diabetes, whereas restoration of normal adipose tissue levels alleviates the insulin resistance present in obesity (Spiegelman and Flier, 1996; Murphy et al., 1997; Wickelgren, 1998; Brunzell and Hokanson, 1999) . Hypertrophic adipocytes increase TNFα, leptin, and circulating free fatty acids, which have been implicated in the development of insulin resistance (Hotamisligil et al., 1993; Taylor et al., 1996; Boden, 1997; Okuno et al., 1998) . Thus, the conversion of hypertrophic adipocytes into small adipocytes appears to play an important role in the alleviation of both insulin resistance and diabetes (Okuno et al., 1998; de Souza et al., 2001) .
Fibrates act as nuclear peroxisome proliferatoractivated receptor α (PPARα) agonists that regulate the expression of genes critical for lipid and lipoprotein metabolism (Schoonjans et al., 1996; Staels et al., 1998; Kliewer et al., 1999) . Fibrates have been shown to regulate obesity in rodents by increasing hepatic fatty acid oxidation and decreasing the levels of circulating triglycerides responsible for adipose cell hypertrophy and hyperplasia (Yoon et al., 2002 (Yoon et al., , 2003 Jeong et al., 2004a, b) , suggesting that PPARα is involved in the control of insulin resistance caused by obesity. However, studies have shown that improvement of insulin signaling by PPARα activation is due largely to a decrease of ectopic lipids in non-adipose tissue.
Although PPARα plays an important role in fatty acid oxidation in liver and skeletal muscle, it is reported that PPARα activators may affect adipose tissue metabolism. For example, administration of bezafibrate, a typical PPAR activator, leads to dedifferentiation of adipocytes into preadipocyte-like cells through the activation of genes involved in both mitochondrial and peroxisomal β-oxidation Vaźquez et al., 2001) ; the PPARα ligand GI259578A decreases the mean size of adipocytes in white adipose tissue (Okamoto . Body weight and adipose tissue mass after fenofibrate treatment. Adult male mice received a low fat, high fat, or fenofibrate-supplemented (FF; 0.05% w/w) high fat diet for seven weeks. All values are expressed as the mean ± SD. (A) Body weights at the end of the treatment period are significantly different when comparing the high fat group to the low fat or high fat plus FF (P ＜ 0.05) groups. (B) Total and visceral adipose tissues were measured at the end of the study. *P＜0.05 compared with low fat group, **P ＜ 0.05 compared with high fat group. et al., 2007) . Accordingly, we hypothesize that adipose PPARα activation by fenofibrate may inhibit adipocyte hypertrophy, resulting in amelioration of insulin resistance.
Therefore, the objectives of the present study were 1) to determine whether fenofibrate activates adipose expression of PPARα target genes involved in fatty acid β-oxidation and 2) to examine the subsequent effects of fenofibrate on adipocyte size and insulin sensitivity. Our data demonstrated that fenofibrate treatment increased mRNA expression of enzymes responsible for fatty acid β-oxidation in visceral adipose tissue, leading to a reduction in adipocyte size and the alleviation of insulin resistance.
Results
Regulation of body weight, visceral fat mass, and adipocyte size by fenofibrate Fenofibrate treatment prevented the high fat diet-induced increase in body weight ( Figure 1A ). Both total and visceral adipose tissue weights were also decreased in mice given a high fat diet supplemented with fenofibrate as compared to mice fed the high fat diet ( Figure 1B ). Histological analysis showed that fenofibrate caused a 43% decrease in the size of adipocytes in epididymal adipose tissue in the fenofibrate-enriched, high fat diet-fed mice versus mice fed the high fat diet ( Figure 2A ). The average size of adipocytes in the high fat diet-fed obese mice was 5,505 ± 354 μm 2 , whereas adipocyte size was 3,135 ± 182 μm 2 in fenofibrate-treated obese mice ( Figure 2B ). The number of adipocytes in a fixed area was increased by 75% in fenofibrate-treated obese mice compared with high fat diet fed-obese mice ( Figure  2C ), suggesting that fenofibrate caused an increase in small adipocytes and a decrease in large adipocytes in epididymal adipose tissue of obese mice. With respect to the physiological significance of such changes, molecules that either are generated or secreted by hypertrophic adipocytes have been implicated in the development of insulin resistance (Hotamisligil et al., 1993; Taylor et al., 1996) . Thus, fenofibrate may alleviate insulin resistance, at least in part, due to its ability to reduce adipocyte size.
Expression of PPARα target genes involved in fatty acid β-oxidation in visceral adipose tissue and differentiated 3T3-L1 adipocytes
To determine whether the reduction of adipocyte size can be induced by fenofibrate-mediated PPARα actions in adipose tissue, we measured the mRNA levels of PPARα target enzymes responsible for peroxisomal and mitochondrial fatty acid β-oxidation in visceral adipose tissue of obese mice and mouse adipocyte cultures. The fenofibratetreated, high fat diet-fed mice exhibited substantially higher mRNA levels of enzymes for fatty acid β-oxidation in epididymal adipose tissue [e.g., acyl-CoA oxidase (ACOX), enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (HD), and medium chain acyl-CoA dehydrogenase (MCAD) by 186%, 145%, and 20%, respectively] compared with high fat diet-fed mice (Figure 3) . Similarly, treatment Figure 2 . Histology of epididymal white adipose tissue. Adult male mice received a low fat, high fat, or fenofibrate-supplemented (FF; 0.05% w/w) high fat diet for seven weeks. (A) Representative hematoxylin and eosin-stained sections (5 μm thick) of epididymal adipose tissue. Adipocyte size from high fat plus FF groups was smaller than that from high fat groups. The size (B) and number (C) of adipocytes in a fixed area (1,000,000 μm 2 ) were measured. All values are expressed as the mean ± SD. *P ＜ 0.05 compared with low fat group, **P ＜ 0.05 compared with high fat group.
Group
Free fatty acids (Eq/L) Triglycerides (mg/dl) Insulin (ng/ml) Glucose (mg/dl) Low fat High fat High fat + FF 1,318 ± 59 1,629 ± 83* 1,421 ± 50** 60 ± 9 118 ± 6* 77 ± 2** 0.12 ± 0.014 0.26 ± 0.027* 0.11 ± 0.008** 203 ± 19 361 ± 29* 210 ± 26** Adult male mice received a low fat, high fat, or fenofibrate-supplemented (FF; 0.05% w/w) high fat diet for 7 weeks. All values are expressed as the mean ± SD. *P ＜ 0.05 compared with low fat group, **P ＜ 0.05 compared with high fat group. with the potent PPARα ligand, Wy14,643, increased mRNA expression of ACOX, HD, and MCAD by 50%, 18%, and 11%, respectively, in differentiated 3T3-L1 cells (Figure 4 ). These results suggest that fenofibrate may decrease adipocyte size, in part, through adipose PPARα activation.
Expression of adipose marker genes
Since obese, insulin-resistant rodents with hypertrophic adipocytes are known to overexpress adipocyte marker genes, such as PPARγ, adipocyte fatty acid-binding protein, leptin, and TNFα (Brun et al., 1997; Okuno et al., 1998) , we tested the effects of fenofibrate on expression of leptin and TNFα mRNA in epididymal adipose tissue. Consistent with the effects of fenofibrate on adipocyte size, fenofibrate treatment significantly decreased leptin and TNFα mRNA levels by 19% and 26%, respectively, compared to those in the group that 
Circulating levels of lipids, glucose, and insulin
Serum free fatty acid and triglyceride levels were higher by 24% and 91%, respectively, in the high fat diet group compared with the low fat diet control group (Table 1) . However, serum free fatty acid levels decreased by 12%, and plasma triglycerides levels decreased by 35% in fenofibrate-treated mice compared with those in high fat diet-fed mice.
Fenofibrate also caused a decrease in both plasma insulin and glucose levels by 58% and 42%, respectively, in high fat diet-fed animals, thus improving insulin resistance in obese mice.
Intraperitoneal glucose tolerance test
The effects of fenofibrate on changes in blood glucose levels were measured during intraperitoneal glucose tolerance test in high fat diet-fed mice. After seven weeks of treatment with fenofi- Changes in blood glucose levels during intraperitoneal glucose tolerance test. Adult male mice received a high fat diet or fenofibrate-supplemented (FF; 0.05% w/w) high fat diet for seven weeks. After a twelve-hour fast, mice intraperitoneally received glucose (2 g/kg body weight). All values are expressed as the mean ± SD. *P ＜ 0.05 compared with high fat group. brate, mice exhibited significant reductions in blood glucose concentrations following intraperitoneal glucose administration compared with obese control mice ( Figure 6 ). These results indicate that fenofibrate may improve glucose tolerance in mice with diet-induced obesity.
Discussion
Our results demonstrated that fenofibrate decreased adipocyte size as well as body weight and visceral adipose tissue mass in high fat dietinduced obese mice. Body weight and visceral fat mass were decreased significantly by fenofibrate treatment, although these properties did not reach the levels observed in low fat diet-fed mice. In addition to the effects of fenofibrate on visceral fat mass, histological examination of epididymal adipose tissue revealed that fenofibrate greatly decreased the average size of adipocytes in high fat dietinduced obese mice. Adipocyte size in epididymal adipose tissue was 43% lower in fenofibratecontaining high fat diet-fed mice compared with adipocyte size in high fat diet-fed mice. Our results also showed that fenofibrate increased the number of small adipocytes, while decreasing the number of large adipocytes in a fixed area, suggesting that fenofibrate induced the conversion of large adipocytes into smaller adipocytes. Since visceral obesity due to adipocyte hypertrophy is closely associated with various metabolic syndromes, including insulin resistance (Flier, 2004; Wellen and Hotamisligil, 2005) , and large adipocytes are associated with insulin resistance, whereas smaller adipocytes are associated with insulin sensitivity (Okuno et al., 1998; Kubota et al., 1999; Kadowaki, 2000) , it is likely that fenofibrate may control insulin sensitivity due to its ability to inhibit adipocyte hypertrophy in obese animals. The decrease in adipocyte size due to fenofibrate treatment in vivo presented in this study may be attributed to the stimulatory effects of fenofibrate on fatty acid β-oxidation through adipose PPARα activation.
Fenofibrate administration to high fat diet-induced obese mice increased the expression of PPARα target genes responsible for peroxisomal and mitochondrial fatty acid β-oxidation in epididymal adipose tissue. Wy14,643 also elevated the expression of mRNAs encoding PPARα target enzymes in differentiated 3T3-L1 adipocytes. Although fibrates are known to elicit lipid catabolism by binding to PPARα in liver and muscle (Ide et al., 2003; Lefebvre et al., 2006) , our data indicated that fenofibrate exerts a specific regulatory effect on PPARα-mediated fatty acid β-oxidation in adipose tissues, leading to a reduction in adipocyte size. Our observations further showed that increases in adipose PPARα target gene mRNA levels were negatively correlated with decreases in visceral fat mass and adipocyte size following fenofibrate treatment. Until recently, adipose tissues have been considered to be merely an energy storage organ. However, it has been demonstrated that increased expression of genes related to fatty acid oxidation by PPARα ligands in adipose tissue of diabetic patients may contribute to improved insulin sensitivity (Boden, 2005; Bogacka et al., 2005; Jeong and Yoon, 2006) , although PPARα in adipose tissue is reported to have major roles in lipogenic and adipogenic activities. Similar to the lipolytic and insulin-sensitizing effects of PPARα ligands in adipose tissue, PPARα ligand-stimulated fatty acid oxidation in visceral adipose tissue also leads to decreased adipocyte size and improved insulin sensitivity.
Visceral fat accumulation due to adipocyte hypertrophy induces changes in the production and secretion of adipokines, such as adiponectin, visfatin, leptin, and TNFα, involved in the development of insulin resistance (Ahima, 2006; Bulcao et al., 2006; Matsuzawa, 2006) . Leptin and TNFα are overexpressed in the adipose tissues of obese, insulin-resistant rodents, which have hypertrophic adipocytes (Hotamisligil et al., 1993; Maffei et al., 1995; Okuno et al., 1998; Kralisch et al., 2007) . Since leptin and TNFα have been reported to be at least partially responsible for insulin resistance caused by obesity (Hotamisligil et al., 1996; Ceddia et al., 1998) , the decreases in leptin and TNFα expression may contribute to amelioration of insulin resistance. In our study, treatment of obese mice with fenofibrate decreased the mRNA levels of leptin and TNFα, although the changes in circulating adipokine levels by fenofibrate were not measured. Thus, it seems likely that fenofibrate contributes to the improvement of insulin resistance through decreasing the expression of signaling molecules in hypertrophic adipocytes.
Adipose PPARα activation by fenofibrate may contribute to lower circulating free fatty acids and triglycerides. The release of free fatty acids and triglycerides into the circulation may be decreased as a result of increased fatty acid β-oxidation in adipose tissue. Consistent with the increased adipose mRNA expression of fatty acid-metabolizing enzymes by fenofibrate treatment, circulating free fatty acids and triglycerides were decreased significantly following fenofibrate treatment in obese mice. Serum glucose and insulin levels were also decreased by fenofibrate in obese mice, which exhibited hyperinsulinemia and mild hyperglycemia. Serum insulin and glucose levels were 58% and 42% lower than those of obese mice, respectively, and these levels were comparable to the levels of lean mice. In parallel with the improvements in fasting glucose-lowering, fenofibrate reduced blood glucose levels during intraperitoneal glucose tolerance test, suggesting that fenofibrate may alleviate impaired glucose tolerance of obese mice. Given the known role of circulating free fatty acids in the inhibition of glucose uptake and utilization by muscle, our results show that fenofibrate, by reducing free fatty acids in the circulation, may contribute to the decrease in skeletal muscle insulin resistance in obese animals (Boden et al., 1994; Roden et al., 1996) . Moreover, PPARα agonist treatment has been reported to improve pancreatic β-cell function in insulin-resistant rodents (Koh et al., 2003; Holness et al., 2003) . PPARα also improves the adaptative response of the pancreatic β-cell function to pathological conditions, such as obesity (Lalloyer et al., 2006) . PPARα may thus be a promising target in the prevention of insulin resistance and type 2 diabetes.
In addition, much evidence obtained from human genetic studies and from rodent studies indicates that PPARα plays a role in the development of obesity and adiposity although PPARα is expressed at a low level in white adipose tissue. Human genetic studies have shown that a gain-of-function polymorphism L162V in the PPARα gene is associated with reduced adiposity in the general population (Bosse et al., 2003) . Rodent studies have also shown that larger gonadal adipose stores were reproducibly observed in PPARα-null mice (Akiyama et al., 2001) , suggesting that PPARα activator fenofibrate may be used as an inhibitor of body fat mass. However, so far, fenofibrate has not been used to control adipose tissue mass in humans maybe due to the possibility that the dose of fenofibrate for fat loss causes unwanted side effects although our present results showing that fenofibrate significantly decreased visceral fat mass in obese mice.
In conclusion, these studies demonstrate that fenofibrate treatment increases the expression of PPARα target genes involved in fatty acid β-oxidation in visceral adipose tissue of obese, insulinresistant mice. These changes led to decreased adipocyte size as well as lower serum free fatty acids, adipose leptin and TNFα mRNA expression, thereby reducing the incidence of insulin resistance.
Methods

Animals
For all experiments, eight-week-old mice (C57BL/6J) were housed and bred at the Korea Research Institute of Bioscience and Biotechnology under pathogen-free conditions with a standard 12-h light/dark cycle. Prior to the administration of special diets, mice were fed standard rodent chow and water ad libitum. Mice were divided randomly into three groups (n = 5/group), one of which received a low fat diet (4.5% fat, w/w, CJ, Korea). Another group received a high fat diet containing 35% fat (w/w, Research Diets, New Brunswick, NJ), and the final group was fed the same high fat diet supplemented with fenofibrate (0.05%, w/w) for seven weeks (Jeong et al., 2004b; Jeong and Yoon, 2007) . The composition of high fat diet is shown in Supplemental Data Table S1 . In all experiments, body weights were measured daily using a top-loading balance, and the person who measured the body weight was blinded to each treatment group. Animals were sacrificed by cervical dislocation, and tissues were harvested, weighed, snap-frozen in liquid nitrogen, and stored at -80 o C until use. Glucose tolerance tests were performed by intraperitoneal injection (IP) of glucose (2 g/kg body weight) in mice on a high fat diet or the same high diet supplemented with fenofibrate for 7 weeks. Blood glucose were measured using a Accu-Chek Performa System (Roche, Germany) at the indicated time intervals.
3T3-L1 differentiation
Mouse 3T3-L1 cells (ATCC) in 6-well plates were proliferated in DMEM containing 10% bovine calf serum (Gibco-BRL, Grand Island, NY). After cells were kept confluent for two days, they were incubated in induction medium (day 0) containing 1 μM dexamethasone, 0.5 mM 1-methyl-3-isobutyl-xanthin, and 1 μg/ml insulin in DMEM with 10% FBS (Gibco-BRL). The cultures were continued for two more days to induce adipocyte differentiation. Thereafter, cells were cultured in DMEM with 10% FBS for the rest of the differentiation process. All other treatments were administered on day 0 to day 2 only, and medium was changed every other day.
Determination of plasma glucose, insulin, triglyceride, and free fatty acid levels
Levels of triglycerides and glucose were measured using an automatic blood chemical analyzer (CIBA Corning, Oberlin, OH). Levels of free fatty acids and insulin were measured using SICDIA NEFAZYME (Shinyang Chemical, Seoul, Korea) and a rat insulin radioimmunoassay kit (Linco, St. Charles, MO), respectively.
Histological analysis
For hematoxylin and eosin (H&E) staining, epididymal adipose tissues were fixed in 10% phosphate-buffered formalin for one day and processed in a routine manner for paraffin sections. Five micrometer-thick sections were cut and stained with H&E for microscopic examination. To quantitate adipocyte number and size, the H&E-stained sections were analyzed using an image analysis system (Image Pro-Plus, Silver Spring, MD).
RT-PCR
Total cellular RNA was prepared using the Trizol reagent (Gibco-BRL, Grand Island, NY). Two μg total RNA was reverse-transcribed using Moloney murine leukemia virus reverse transcriptase and an antisense primer to generate cDNA under standard conditions. cDNA samples were amplified by PCR in a MJ Research Thermocycler (Waltham, MA). The PCR primers used for amplication are shown in Supplemental Data Table S2 . The reaction consisted of 30 cycles of denaturation for 1 min at 94 o C, annealing for 1 min at 58 o C, and elongation for 1 min at 72 o C. The PCR products were analyzed by electrophoresis on a 1% agarose gel. PCR products were quantified from agarose gels using the GeneGenius kit (Syngene, Cambridge, UK).
Statistical analysis
Unless otherwise noted, all values are expressed as mean ± SD. All data were analyzed by the unpaired, Student's t-test for significant differences between the mean values of each group using SigmaPlot 2001 (SPSS Inc, Chicago, IL).
Supplemental data
Supplemental Data include two tables and can be found with this article online at http://e-emm.or.kr/article/article_ files/SP-41-6-04.pdf.
